The present work was undertaken to investigate the bioactivity and cytotoxicity of fluorhydroxyapatite ceramics. 
Introduction
There is a growing need for bone regeneration due to various clinical bone diseases such as bone infections, bone tumors and bone loss by trauma [1] .
Bone is essentially constituted of nanoscale inorganic materials and proteins. The inorganic materials are minerals, which are structurally apatite-like, such as hydroxyapatite [HA, Ca 5 (PO 4 ) 3 OH], fluorapatite [FA, Ca 5 (PO 4 ) 3 F] and carbonate-apatite [2] .
HA is considered as the most promising material for hard tissue repairs and replacements due to its similar chemical composition and crystallographic structure to that of bone mineral. It has therefore been studied extensively and prepared for clinical applications. HA has also attracted much attention for use as a substitute for teeth due to its excellent biocompatibility to human tissue. Nevertheless, the intrinsic poor mechanical properties (strength, toughness and hardness) of HA have restricted wider applications in load-bearing implants. Therefore, composite HA materials have been developed by different synthesis routes and techniques in order to improve both the bioactivity and mechanical properties of various orthopaedic prosthesis and dental implants. Bioactive ceramics, bioactive glass or glass ceramics, bio-inactive ceramics, polymers and metals have all been used to fabricate HA composites. Many of them have demonstrated an excellent biocompatibility and ideal bioactivity both in vitro and in vivo tests [3] [4] [5] [6] . In addition to HA, FA or fluorided hydroxyapatite is a widely spread form of calcium phosphate present particularly in biological material [7] .
Recent interest has been directed towards HA modified with fluoride [8] . The physiological significance of this approach is related to finding abundant amounts of partially fluorided hydroxyapatite in bone, FA as the outer layer in tooth enamel and the stimulation of bone growth by fluoride. In both of these cases, the fluoride is uniformly distributed within the bone tissue or within the thin tooth enamel outer layer. This provides justification for detailed investigation of the solid solutions between HA and FA [8] . Fluoride incorporates into HA to form chemically homogeneous distributions within bone and teeth, leading to a modification of the chemical and mechanical properties of these tissues. The change in mechanical properties may be related to the modified apatite composition, a change in crystallite dimensions and orientation, a higher mineral content within the bone, or a modification to the bone architecture [9] . The low tendency of decomposition and the high densification temperature of FA suggested the high thermal stability of FA and FHA ceramics, as compared to pure HA ceramics. The thermal stability of FA and FHA ceramics could be related to their increased crystallinity and the strong ionic bonding in the crystal structures [10] . Some studies [11, 12] have revealed that FA has good biocompatibility in vivo, HA substituted with fluoride had higher osteoblastic cellular activity and micro-molar concentrations of fluoride were effective in stimulating cell proliferation and differentiation. This provides a good opportunity to extend the research to FHA. The composite may be used in different fields of surgery medicine as surface coatings on various orthopedic prosthesis and dental implants.
Synthetic HA-bioceramics are obtained by different chemical and technical processes [13] [14] [15] [16] . They can be generally divided in two main groups: solid-state reactions and wet processes. The solid-state reactions include precipitation, hydrothermal technique and hydrolysis of other calcium phosphates [14] , while the wet route mainly involves the sol-gel process [15, 16] . Depending upon the route and technique used, HA bioceramics with various morphology, Ca/P ratios, microstructure and level of crystallinity can be obtained. Therefore, various HA can be prepared for various applications [17] . The temperature employed during synthesis also has a great deal of influence on the particle size and morphology of precipitated HA. It was demonstrated that nano-HA provides several biological benefits over HA of larger particle size in its application in bone tissue engineering because of its higher surface area and thus higher bioactivity [18] .
Biomaterials (ceramics and polymers) may have low, medium or high potential risk to human safety, depending on the type and extent of patient contact. Safety assessments of medical biomaterial are guided by the toxicological guidelines recommended in the International Organization for Standardization (ISO 10993-1/EN 30993-1). The subject of ISO 10993-1 provides a standardised battery of biological safety (biocompatibility) tests. Biocompatibility is the ability of a material to perform with an appropriate host response in a specific application. Bioactivity and cytotoxicity testing represents the initial phase in testing biocompatibility of potential biomaterials and medical devices.
In our present work we have prepared FHA, FA and HA by the precipitation method and examined their bioactivity and the cytotoxicity. The bioactivity was evaluated by in vitro testing in simulated body fluid (SBF). The cytotoxicity was investigated on the embryonal mouse fibroblast cell line NIH-3T3 and was measured by a direct contact method.
Experimental Procedures
The samples of hydroxyapatite (HA), fluorapatite (FA) and fluorhydroxyapatite (FHA) were prepared by a homogeneous precipitation method using Ca(NO 3 ) 2 In all experiments the pH of Ca(NO 3 ) 2 •4H 2 O solution was kept at 10 by the addition of ammonia solution. The final solution was stirred at room temperature for 3 hours. The resultant precipitate was filtered off, washed with deionised distilled water several times to neutral pH, and finally dried in a drier at 70°C for 24 hours. After drying, the samples were powdered and treated at 1000°C for 1 hour. After heat treatment at 1000°C, the pellets were compressed from powdered samples and heated at the same temperature.
The chemical process leading to HA can be explained by the following reaction (Eq. 1): The structures of the HA, FA and FHA powders were controlled by powder X-ray diffraction. The bioactivity of the samples was evaluated by in vitro testing in simulated body fluid (SBF), in which ion concentrations are almost identical with inorganic ion concentrations of human blood plasma (Table 1) . SBF was prepared according to a literature procedure [19] . The calculated volumes of SBF (Eq. 4) were poured into plastic containers and heated to 36.5°C.
(4)
V S -volume of SBF (mL), S a -apparent surface area of specimen (mm 2 ).
The pellets of FA, HA and FHA were immersed in SBF for 48 hours, 1 week and 4 weeks at 36.5°C. Changes of the surface microstructure of the samples were observed by scanning electron microscopy (SEM).
HA, FA and FHA were also used to investigate the cytotoxic effect on murine fibroblast. The cell line NIH-3T3 grown at 37°C in humidified 5% CO 2 and 95% air atmosphere was cultured in completely Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, penicillin G (100 μg mL -1 ) and streptomycin (100 μg mL -1 ). Before a uniform monolayer of NIH-3T3 cells was formed, cells were freed from the surface of the culture dish by a 0.25% solution of trypsin and were sub-cultivated two-three times a week. NIH-3T3 cultured cells were re-suspended in culture medium and the total number of cells was measured.
The cytotoxicity was determined using the method of direct cell counting [20] . NIH-3T3 cells were cultured with biomaterial discs for 24, 48 and 72 hours. The cell proliferation and the morphology were examined.
Results and discussion
The results of SEM analysis after SBF acting are shown in Figs. 1-3 , respectively. The bioactivity in the earlier period up to one month was investigated on pellet samples of HA, FA and FHA. The results of SEM show that after 48 hours immersion in SBF no layer of Table 1 . Concentration of ions in SBF and in human blood plasma. After 72 hours incubation the inhibition of cell division was the same for all the biomaterials (25%). According to this, the cytotoxicity was in the range of 5.49 -27.19%.
Concentration of ions / mM
NIH-3T3 cells were plated in 60 mm Petri dishes either in the presence or in the absence of the tested biomaterials. The microscopic observations and the photos were carried out starting from the center to the periphery of the dishes where the chemicals were located. Cells were homogeneously distributed on the substrate and produced a complete monolayer after 72 hours of culture. The great majority of them were scattered and exhibited typical fibroblast morphology (an elongated and polygonal shape). In some areas, cells in mitosis were observed. NIH-3T3 cells grown in direct contact with HA, FA and FHA did not show any morphological damage at 24, 48 and 72 hours of culture. Their morphology was completely similar to that of control cells as is shown in Fig. 5 . 
Conclusion
From the results of SEM it can be concluded that immersion of HA, FA and FHA in SBF for up to one week did not result in any substantial progress in bioactivity.
The substantial development of a new layer on the surface of HA and FA samples was observed after 4-week immersion in SBF. The surface of both samples was entirely covered by a new layer of apatite-like phase. Also, the surface of FHA composite was covered by a new layer of apatite-like phase, but not totally. Nevertheless, the creation of a new layer of apatite-like phase on the surface of all the tested materials after 4-week immersion in SBF demonstrated the high in vitro bioactivity of these biomaterials. Based on the results obtained from the study of cytotoxicity, it can be concluded that FHA composite, FA and HA demonstrated a similar cytotoxic effect on NIH-3T3 cells. After 24 hours of treatment, the inhibition of cell proliferation for all biomaterials was less than 10%, while after 72 hours the inhibition of cell proliferation was about 25%. The growth rate of cells cultured with biomaterials was about 20% lower than the growth rate of cells cultured without tested materials. NIH-3T3 cells grown in direct contact with HA, FA and FHA did not show any morphological damage after 24, 48 and 72 hours of culture. Their morphology was similar to that of control cells.
